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Abstract 

We describe space-time fluctuations by means of small fluctuations of the metric on a given 
background metric. From a minimally coupled Klein-Gordon equation we obtain within a weak- 
field approximation up to second order and an averaging procedure over a flnite space-time scale 
given by the quantum particle in the non-relativistic limit a modified Schrodinger equation. The 
dominant modification consists in an anomalous inertial mass tensor which depends on the type 
of particle and on the fluctuation scenario. The scenario considered in this paper is a most 
simple picture of spacetime fluctuations and gives an existence proof for an apparent violation 
of the weak equivalence principle and, in general, for a violation of Lorentz invariance. 

1 Introduction 

The unification of quantum mechanics and gravitation is one of the outstanding problems of con- 
temporary physics. Though yet there is no theory of quantum gravity. However, approaches like 
string theory or loop quantum gravity make some general prediction which may serve as guidance 
for experimental search. The difficulty is that in many cases the precise strength of the various 
expected effects are not known. Quantum gravity phenomenology tries to overcome this problem by 
parameterizing possible effects and to work out experimental consequences for classes of phenom- 
ena. Different quantum gravity scenarios are characterized by different parameters. One class of 
expected effects of a quantized theory of gravity is related to a nontrivial quantum-gravity vacuum 
("spacetime foam") which can be regarded as a fluctuating spacetime. 

Space-time fluctuations could lead to a minimal observable distance setting an absolute bound 
on the measurability of distances and defining a fundamental length scale [U [5] ■ For instance the 
search for additional noise sources in gravity- wave interferometers was considered [3] , which has also 
been analyzed in the context of an experiment with optical cavities [1] . A space-time foam may also 
violate the principle of equivalence as was suggested by Ellis and coworkers [5] . Another prediction 
of quantum gravity models are so called deformed dispersion relations In the work of Hu and 

Verdauger [TU] classical stochastic fiuctuations of space-time geometry were analyzed stemming from 
quantum fluctuations of matter flelds in the context of a semiclassical theory of gravity. This leads 
to a stochastic behaviour of the metric tensor. Furthermore the effects of fluctuations of space-time 
geometry leading to, e.g., lightcone fluctuations, redshift and angular blurring were discussed in 
Space-time fluctuations can also lead to decoherence of matter waves which was discussed in [12] and 
|13j . where quantum gravitational decoherence is modelled by conformal space-time fluctuations. 
The analysis in [T3] takes into account nonconformal fluctuations of the metric and yields a modified 
inertial mass which is subject to the stochastic properties. 

In the present work we will also assume that such fluctuations shall manifest themselves as 
stochastic fluctuations of the metric. Generalizing the work [14], we will permit off-diagonal fluctu- 
ation terms in the metric. 

We will show that our model of space-time fluctuations leads to a modifled inertial mass which 
takes over the stochastic properties of the underlying fluctuation process and is dependent of the 
type of particle. It follows that necessarily an apparent violation of the weak equivalence principle 
occurs which is dependent of the noise model. 
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2 Metrical fluctuations and noise properties 



We regard space-time as a classical background over which quantum Planck scale fluctuations are 
imposed, which appear as classical fluctuations of space-time. This assumption allows us to write a 
perturbed metric in the usual form 

(x, t) = rif,^ + hf,y (x, t) , (1) 

where \h^v \ ^ 1 and greek indices run from to 3. The inverse metric is calculated to second order 
in the perturbations 

g^'' (x, t) = rj^'' - h'^'' (x, t) + h^'' (x, i) , (2) 

with h'^" — ri,^\h^'^h^'^ . Indices are raised and lowered by means of the Minkowski metric rj^^i, = 
diag{-l, 1,1,1). 

The terms which describe deviations from the Minkowski metric are interpreted here as fluctu- 
ations on a background. These fluctuation are assumed to be of general nature, that is, they are 
not restricted to be given by gravitational waves. We consider two moments (the mean and the 
variance) to fully characterize the underlying fluctuation process. 

Furthermore, inspired by the analysis in [15j we assume that every particle - quantum mechan- 
ically characterized by a wave packet - has its own finite space-time resolution scale (Atp,T^). If 
the space-time fluctuations are of very long wavelength and low frequency, then the h^^ are nearly 
constant and, thus, can be absorbed as constant phase into the wave function leading to no effect. 
For space-time fluctuations of very short wavelengths and high frequency the interaction with a 
quantum particle which is represented by the wave packet is given by the averaging procedure over 
the space-time interval (Atp, V^). 

(V(x,t)) = 7m-, <5p,(/i'"'(x,i)/i"''(x,t)) = al,, (3) 

where we understand the brackets as the average over background space-time. From now on results 
obtained by calculation of the space-time average (• • •) are restricted to short wavelength and high 
frequency space-time fluctuations which scale is shorter than the resolution scale (Atp, Vp). Possible 
intermediate wavelengths and frequencies of fluctuations have to be treated separably. As a result of 
this approach each particle can only detect averaged space-time fluctuations over the scale (Aip, Vp). 
This can be understood as a coarse-graining of space-time fluctuations. 

Here the mean 7^j, may also be interpreted as a background fleld, that is, as g^^} in a decompo- 
sition 

= 9^^} + K'^ (4) 

(compare, e.g., [16j). For simplicity, we assume only a Newtonian background fleld and take this 
Newtonian gravitational field as part of the fluctuations which does not average to zero. In the case 
of a strongly curved background one should continue with @ instead of ([T]). 



3 Modified quantum dynamics 

We start with the action for a scalar field = 0(x, t) [T7] choosing the minimally coupled case 

s = \j d^x^ (^g^'-a^^^a.^ 



2 2 

m c 



(5) 



where g — —dGt[g^iy] is the determinant of the metric. Variation of the action yields the minimally 
coupled Klein-Gordon equation 

771 r 

5'"'i^^9.0--^</.-O, (6) 

where is the covariant derivative. We write down the covariant derivative explicitly which allows 
us to express the Klein-Gordon equation according to 

/ 1 \ m^c^ 

d^^g^-'d,^ + g^'' [d^d, + -d^ In 59 J - -^0 = 0. (7) 
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Performing a 3+1 decomposition leads us to (latin indices i,j nm from 1 to 3) 



+5°^ ( 2309, + ^do In 59, + ^d, Ingdo^ 4> + d,g''d,4> 

Insertion of our metric expansion ([1]) and approximating the logarithmic terms In g « h— leads 
to a Klein-Gordon equation in curved space-time up to second order in the perturbations, 

= (d'o + (^h - 9o) 4> h'^' (d'o + ^dohdo^ cp + h^^d^ 

-h°' (2808^ + l8oh8^ + l8ih8a] (t> + 2h^'8o8^(t> 



+ (do (h"' - 8, + 8j (h°' - (9o) <P + 8, (W^ - K'^^ 8jC 
+5'^ (8,8, + \8, (h - \~h] 8^ - h'^ (8,8, + \8,hd, 



2 

n 

li2 



+h'^d,8,(^-^^<P, (9) 



where h = 'q^'^hfj,„, h — rj^^^h^j.v 

For a better interpretation, we calculate the nonrelativistic limit of this equation according to 
the scheme worked out by Kiefer and Singh [H]. For doing so, we expand the phase in the wave 
function 0(x, t) — Q^S{x,t)/h -^^ powers of 

S'(x, t) = 5o(x, ty + Si{x, t) + 52(x, t)c-^ + ... (10) 

We also expand the metric ([T]) in powers of c 





— r-'^h^° 

— c n.(o) 

— C - 











We collect equal powers of the expansion parameter and set the resulting coefficients to zero. 
Starting with order we obtain 

= (77'-'" - + 8,So8,So . (12) 

As a consequence. So can be a function of time only. So — So(t). 
To order one finds (choosing positive energy) 

8tSo = -TO. (13) 
The next order c° yields the nonrelativistic Schrodinger equation for ip{x,t) = e^Si{x,t)/h 



= -^{{6^'-hl^Vhl)8,8,i, + 8,{hl^~hl)8,^) (14) 



+ i - h'li^]i, + ^//«)9,Tr/i(o)V, (15) 
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where we introduced the following abbreviations — (5;m^(Q)^(55) , ^lo) ~ ^^{i) ~ 

—^im.h'^^Q'fh^^ , Tr/i(o) = Sijh^^f^-^ and Tr/i(o) = %<5!m/i(o)^(^ and {, } is the anticommutator. 

In order to identify the hermitian parts we rewrite the Hamiltonian in a manifest covariant form 
by replacing the derivatives with the Laplace-Beltrami operator in the three-hypersurface, 

Aeov := -^d, (V^gg'^d,^) , (16) 

V 9 

where ^"^^g is the determinant of the metric gij. This yields to second order 

+ \ {^'^ - ^l) 9,Tr/i(o)9, ~ 9.^(0)9, , (17) 
Insertion of this operator leads to 

ihdti^ = -|^^cov^ + y (h°(^^ " /l^o") + ^ - } ^ 

-^a* (^Tr/i(o) - iTr/i(o)) ^ + ^/i|?)a,Tr/z(o)^ . (18) 

Apparently, the Hamiltonian contains two time dependent nonhermitian terms. But these are non- 
hermitian with respect to the standard scalar product (V'liV's) = J cPx'ipl'ip2- One has to take into 
account that the introduction of the metrical perturbation terms also modifies the scalar product. 
Alternatively, one can transform the Hamilton operator H simultaneously with the wavefunction ip 
in order to express hermitian properties by means of the standard "flat" scalar product |24j 

ij; il;' ^ AiP, H ^ H' ^ AHA-^ + ihdt In A. (19) 

Then the scalar product reads 

(V'l,^^)^ / d3^V'i*^2- (20) 
Jv 

Thus the Hamiltonian can be brought to (flat) hermitian form without change of physical statements. 
In our case the transformation of the wavefunction and the Hamilton operator is given by 

^' = ((^)<?)i/V, H' = ((3)5)i/^H((3)g)- V4 + ((3)^)^ (21) 

leading to 

HV = -((3)g)i/4|!.Aeov(((^'.9)-^/V)+y(/^?o°)-^(o))^' 

+ l{ihd,,hf,^-h^,^}i:'. (22) 
This Hamiltonian now is manifest hermitian with respect to the 'flat' scalar product. 



4 The effective Schrodinger equation 

According to ^ the particle described by the Schrodinger equation averages over the space-time 
fluctuations. For doing so, we need the averages of the fluctuating perturbation terms of the metric. 
We assume that different components of the fluctuating metric are independent of each other. Then 
terms h^/^^ which include cross terms (different pairs of indices) vanish on average and only the 

quadratic terms /i^'' effectively contribute to the modified Schrodinger equation. We define and 
note for later use 

2{/(x), (23) 

{Simh1^)h'l[)) ^ (24) 

{-6lrah1^^hfo))^Q, (25) 

{6i„.h%.hV^.)^d,,al, (26) 
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where we only kept contributions to lowest order in c and where U — ?7(x) is the Newtonian 
potential. Note that co- and contravariant averaged quantities are identical and that no summation 
is carried out over repeated indices i, j. Furthermore, we have not specified any averaging scheme. 



4.1 Spatial average 

In the following we take the spatial average of the Schrodinger equation by means of 

^ d^x... , (27) 



where the volume Vp = \^ depends on the particle under consideration . That means, we have to 
calculate 

{ihdti^)y^ = {n^)v, . (28) 

Here we encounter expressions of the type 



{A[h]{^,t)Di,{^,t))y = ^ f d'xA[h]{^,t)Di;{^,t), 

Jv„ 



(29) 



where A[h] is some function depending on the metric perturbation h^i, and 13 is a differential 
operator. The wavefunction "0 varies weakly in space over the averaging volume Vp (compared to 
the wavelength of the fluctuations) and can therefore be decoupled from the spatial integration of 
the fluctuations, 



(30) 



The averag ed kinetic term {{^^'^ g'^/'^)^^^^^^'^'^ g~^/^)%l))^ reads 

(g'' ((('^5'/')9.9,((3)ff-i/^)-iaanv^a, iny((^)^^ V 

- l^^d.g^'d, In - Q^'d^d, - d,g^^ 8,"^ V- (31) 

The first part of the covariant Laplace operator, 

(((^^g^/*)5.a, ((3)5-1/4) _ 1^ In y^a, In V 

-^ia,5*^9,lny^^^ V, (32) 

is constant (in space) dependent on quadratic terms of the fluctuations, since linear terms vanish on 
average. This yields an additive term ao(i) in the Hamiltonian. The second part yields 



= {5'^ +a'^{t))d^dj'4} + 5''^l3^{h^)djil}, (33) 

where a'^ {t) = (/i|^Q^(x,i) - /iJ^q^ (x, i)) . 

Finally the spatial average of the last term in ([^H) reads 



tn(^{hfi) - hi%)d,^j + ^d,{hfl^ - hl%)^j'j^ . (34) 

Linear perturbations are neglected again and both terms can be factorized. By virtue of the deflni- 
tions of the averages of the fluctuating quantities, the average of h^^^ vanishes (no cross-correlations) 
and consequently the flrst term. The second term yields a spatially constant but time-dependent 
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perturbation term which wc will absorb into ao{t). This is also true for the last (potential-) term in 
the Hamiltonian yielding 

f (^(0) - ^(0))^^ ^ = -mU{^)^ + '^al.m- (35) 
Effectively we get the spatially averaged Schrodinger equation 

+ao{t)i(j{x, t) - mC/(x)V'(x, t), (36) 

where the averaged quantities are time dependent. It is possible to find a transformation under 
which the term 5^^ I3i{h?)dj vanishes, therefore we can omit this term and obtain finally 

ift9tV(x,i) = (Ho + Hp)^(x,i), (37) 
where we introduced the unperturbed Hamiltonian 

Ho = - mU (38) 

2m 

and the perturbation term 

Hp(t') = ^ {a^'md, + ao(0) , (39) 

which incorporates the time-dependent fluctuation part. 

We introduced the metric fluctuations without specifying explicitly its diagonal elements - in 
general they are distinct from each other. This allows to describe an anisotropy of space and we will 
assume that this is the outcome of space-time fluctuations. Therefore we regard the terms a^^ {t) as 
an anomalous - still time-dependent - inertial mass tensor which was extensively studied by Haugan 
[19j . Consequently, this quantity violates rotational invariance. Thus we can conclude that in our 
approach the information about space-time fluctuations is encoded in the anomalous inertial mass 
tensor, generally breaking rotational invariance 0. 



4.2 Time— evolution 

The spatially averaged fluctuation terms and, thus, the rescaled inertial mass still fluctuate in time. 
Since we assumed high-frequency fluctuations it is reasonable to argue that in an experiment the 
fluctuations are effectively smeared out depending on the particle-properties. These are charac- 
terized by a particle dependent averaging time Atp which appears in the exponent of the unitary 
time-evolution operator. Quadratic quantities of the metrical fluctuations are the surviving contri- 
butions. The time evolution of the wavefunction is generated by the time-evolution operator U, 
which in our case is given by 

U(i, 0) = exp (^-^Hot^ exp (^--^ ^ dt'Hp(t')) , (40) 

where time-ordering is understood and the commutator yields [Ho,Hp(f')] = 0. Now we split 
the perturbation term into a positive deflnite, constant part a and a non-definite operator 7(t) 
via Jp dt'VLp{t') = od, + 7(i), where the fluctuating part ^{t) vanishes in the temporal average. 
This expression could in principle be generalized in terms of a polynomial expansion of the type 
^"^j^ = aiV" . The higher order terms (i > 1) would render a time-dependent kinetic energy which 
could take any value (for long times) . In order to prevent the particle gaining infinite energy out of 
spacetime fluctuations (or to loose all its energy to these fluctuations and, thus, effectively disappear 
at some stage), the kinetic energy is assumed to give a fluctuation induced effective linear growth 
of the phase and, equivalently, a constant a. Because we assumed high-frequency fluctuations, 
which act on a timescale much shorter than the considered evolution time t > Atp, this allows us 

^This is not necessarily restricted to our model of space-time fluctuations as one can introduce anisotropic grav- 
itational waves which also lead to the violation of rotational invariance. For example stochastic gravitational waves 
generated by unresolved binary systems constitute an anisotropic galactic background |20j . 
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to understand the integral of the positive-definite part a as an average over time i. Now equation 
(001) reads 

U(<, 0) = exp (Ho + «) exp (~;^7(t)) • (41) 

Finally, this yields an effective Schrodinger equation by taking the time derivative of the time- 
evolution operator and we get 

«nStV(x, <) = (5*^ + a'A 5,5,V(x, t) - mU(xU(x, t) , (42) 

2m 

where the fluctuating phase ^{t) is absorbed into the wave function which is still denoted by the 
same symbol. In interferometry experiments this fluctuating phase may lead to a decrease of the 
visibility of the interference pattern. Theoretically speaking, this is the main result of our paper. 



5 Implications on a modified inertial mass 

In analogy to the analysis of fluctuations as function of time carried through in [2T] we can associate 
a spectral density <5'(k) with the variance in 



{a^r = ^ / d^xhl M = / d^k{S\\.,t)r , (43) 

which allows us - in principle - to calculate the metric fluctuation components a*-' . 

A particular class of models is given by a power law spectral noise density (S'^(k, f))*-^ = 
(5o„)'-' |k|" where ^on is some constant of dimension (length) In this case we obtain (cr^)'^ = 
{Sq^Y^ \p ^^~^^\ Since the fluctuations under consideration should originate from a quantum gravity 
scenario, we assume that S^n ~ ^p^"^'^, where Ipi is the Planck length. As a result we then obtain 
(a^Y'' ~ (hi/Xp)^ CL^'^ , where P = 6 + n and a*^ is a tensor of order 0(1) being diagonal and reflect- 
ing the anisotropic behaviour. A special model can now be applied in which the outcome of any 
experiment measuring length intervals is influenced by spacetime fluctuations such that perturba- 
tions of this quantity scales like (Ipi/l)^ [3l[22j[23], where (3 > 0. As pointed out in [22], common 
values for (3 are 1, 2/3, 1/2. Since a'-' is positive-definite and the fluctuation of the metric as calcu- 
lated in |22| . too, we apply this model of spacetime fluctuations to our scheme via the identification 
(3*^ = (/pi/Ap)'^a*-' . As a consequence, the modified kinetic term of the averaged Hamilton operator 



of equation (I37p reads 

Hki„. = U'^ + ( ^ ) a^nO.d,. (44) 




In our analysis of the space-time average we encountered an anomalous inertial mass tensor which 
can be understood as a modification of the inertial mass - namely it is subject to a renormalization. 
By virtue of this modification the inertial mass affected by space-time fluctuations can be rewritten 
as a rescaled inertial mass which is the physical quantity measurable in experiments. The modified 
inertial mass in equation (|42p is identified by 

(m'^yi = - (5'^' +a'J) , (45) 
m ^ ' 

what can alternatively be rewritten as 

m, = TO-(H-aP"\ (46) 

where 5'^ = diag [ofp, Ofp, a^] and Q!p = ^^(o) ) • ^^'^ index p stands for "particle" characterized 

by its spatial resolution scale Ap. Note that the dependency of the anisotropic inertial mass on 
only one index (i) is a result of the fact that a'^ is diagonal. All space-time dependent fluctuation 
properties of the inertial mass are now encoded in the quantities a' which are proportional to the 
averaged quadratic perturbations o\. This gives for our fluctuation scenario (|44p 

(47) 



1 + {h\l\pYa 



7 



The modified inertial mass fhi is now a function of the fluctuation scenario (3 and of the resolution 
scale Ap, hence the modification is particle dependent. This modification becomes larger for increas- 
ing mass m. The validity of the observations made here is restricted to coherent systems, since we 
are dealing with modifications of quantum mechanics. Therefore one may think of large quantum 
systems, e.g. Bose Einstein condensates (BECs) as a favoured probe for experimental tests of our 
fluctuation scenario which, however, needs further investigations. Being a characteristic property 
of every particle species we use the Compton-length Ac = h/{mc) as averaging scale which leads 
to definite estimates on fluctuation effects. This will allow us to give some estimates for possible 
violations of standard physics. 



6 Violation of weak equivalence principle 

By means of the rescaled inertial mass and the dependency of the modification on the particle type 
Ap one expects that the weak equivalence principle (WEP) is violated. We identify rhj — m-i and 
m — rrig as inertial and gravitational mass, thus the ratio of both masses yields 

f?^V + (48) 



p 



This expression renders an apparent violation of the weak equivalence principle. In terms of the 
fluctuation scenario (jH]) the violation factor Op yields 



7 \ 

Ap 



(49) 



In order to obtain some estimates, we set the resolution scale to the Compton length Apj = h/ {rrijc). 
For Cesium this gives Acs ~ 10"^* m and for Hydrogen we get Ah ~ 10^^^ m. Assuming rotational 
invariance (a^ — ctp) we get 



«cs-(^^j -(10""r, "H-(^IFT^j =(10-T. (50) 
For the calculation of the Eotvos factor we need the accelerations, namely 

ac« - (1 + «cs)5 = (1 + (10-i')'')<?, OH = (l + aH)5= (l + (10"'y)<?- (51) 
The Eotvos factor reads 

^ = 2^^2l_M«|«^^_«„|«(10-iY. (52) 
|acs + an I 

In our model this yields 

m=l^lQ-^\ ^/3=2/3 - 10^'', VP=1/2 = IQ-^- (53) 

Regarding the precision of current atom interferometers [25j this would rule out the random-walk 
scenario (3 = 1/2, but one has to take into account that our scenario is quite optimistic, regarding 
the amplitude of fluctuations estimated by the spatial resolution scale Ap = Ac. Nevertheless, 
it suggests that violations of the weak equivalence principle should be tested with high-precision 
atomic interferometry in space missions like GAUGE and HYPER [27], which may provide 
improved sensitivities capable of ruling out certain fluctuation scenarios. Furthermore, the excellence 
cluster QUEST (28] provides opportunities for further development of high-precision experiments 
and interdisciplinary collaborations, which will press ahead the search for this kind of violation 
scenarios. 



7 Conclusions 

In this work we discussed the influence of space-time fluctuations - interpreted as classical fluc- 
tuations of the metric. We assumed that these fluctuations are anisotropic, realized by distinct 
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diagonal elements of the perturbation terms. This breaks rotational invariance and an anomalous 
inertial mass tensor appears in the effective Schrodinger equation. Assuming high frequency- and 
small wavelength space-time fluctuations gives rise to a modified inertial mass after having calcu- 
lated the space-time average. We have seen, that the modification of the inertial mass is dependent 
on the type of particle which is an effect of the finite resolution scale of the particle (Ap) and leads 
to an apparent violation of the weak equivalence principle of the order O{10~^^ — 10~^^), being de- 
pendent on the fluctuation scenario. This effect may be explored by Bose-Einstein condensates and 
by matter-wave interferometry. Generally, our results which are dependent on the resolution scale 
are also viable in the case where rotational invariance is still valid. Thus our model incorporates 
several effects which are possible outcomes of a theory of quantum gravity. 

Acknowledgments 

It is a pleasure to thank A. Camacho, H. Dittus, F. Klinkhamer, A. Macias, E. Rasel, and C. Wang 
for discussions. We also like to thank the members of the cluster of excellence QUEST (Quantum 
Engineering and Space-Time Research) for the fruitful collaboration. This work has been supported 
by the German Aerospace Center (DLR) grant no. 50WM0534 and the German Research Foundation 
(DFG). 

References 

[1] M.-T. Jaekel and S. Reynaud Phys. Lett. A 185, 143 (1994) 

[2] F.R. Klinkhamer JETP Lett. 86, 73 (2007) 

[3] G. Amelino-Camelia Phys. Rev. D 62, (2000) 024015. 

[4] S. Schiller, C. Lammerzahl, H. Miiller, S. Braxmaier, S. Herrmann and A. Peters Phys. Rev. D 
69, (2004) 027504. 

[5] J. Ellis, N. E. Mavromatos, D. V. Nanopoulos and A. S. Sakharov Int.J.Mod.Phys. A 19, 4413 

(2004). 

[6] S. Bernadotte and F.R. Khnkhamer Phys. Rev. D 75, (2007) 024028. 

[7] G. Amelino-Camelia, J. Ellis, N. E. Mavromatos, D. V. Nanopoulos and S. Sarkar Nature 393, 
763 (1998) 

[8] J. Alfaro, H. A. Morales-Tecotl and L. F. Urrutia Phys. Rev. Lett. 84, 2318 (2000) 

[9] A. Camacho Gen. Rel. Grav. 34, 1839 (2002) . 

10] B.L. Hu and E. Verdauger Living Rev. Rel. 7, 3 (2004) 

11] L.H. Ford Int.J.Theor.Phys 44, (2005) 1753-1768 . 

12] W.L. Power and L.C. Percival Proc. R. Soc. Lond. A 456, 955-968 (2000) 

13] C. H-.T. Wang, R. Bingham and J-T. Mendonga Class. Quantum Grav. 23, L59-L65 (2006) 

14] A. Camacho Gen. Rel. Grav. 35, 319 (2003). 

15] R. Aloisio, A. Galante, A. Grillo, S. Liberati, E. Luzio and F. Mendez Phys. Rev. D 74, (2006) 
085017. 

16] Ch. Misner, K. Thorne and J. A. Wheeler, Gravitation (Freeman 1973). 

17] N.D. Birell and P.C.W. Davies, Quantum fields in Curved Space (Cambridge University Press, 
Cambridge, 1982) 

[18] C. Kiefer and T. P. Sing Phys. Rev. D 44, 1067 (1991) . 



9 



[19] M.P. Haugan Ann. Phys. 118, 156 (1979). 

[20] B. Schutz Class. Quantum Grav. 16, A131 (1999) 

[21] V. Radeka Ann. Rev. Nucl. Part. Set. 38, 217-77 (1988) 

[22] Y. Jack Ng Mod. Phys. Lett. A 18, 1073-1098 (2003) 

[23] Y. Jack Ng Int. J. Mod. Phys. D 11, 1585-1590 (2002) 

[24] C. Lammerzahl Phys. Lett. A 203, 12-17 (1995) 

[25] A. Peters, K. Chung and S. Chu Nature 400, 849 (1999) 

[26] GAUGE Workshop ihttp://hepwww. rl. ac.uk/ CfFP/Up_ and-Coming-events/ GA UGE. html 

[27] Hyper-precision cold atom interferometry in space Assessment Study Report 10 ESA-SCI (2000) 

[28] QUEST - Centre for Quantum Engineering and Space-Time Research 
I http:/ / www, questhannover. de 



10 



